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Introduction {#sec001}
============

Posttranslational modifications (PTMs) of proteins play a crucial role in regulating protein-protein interactions, enzyme activity, subcellular localization, and stability of the protein \[[@pone.0165766.ref001], [@pone.0165766.ref002]\]. These PTMs include phosphorylation, glycosylation, ubiquitination, sumoylation, acetylation, methylation, and lipidation. Recent studies have provided evidence that the PTMs of histone methyltransferases control their enzyme activity and biological functions. Enhancer of zeste, drosophila, homolog 2 (EZH2), which is a histone-lysine N-methyltransferase enzyme, is modified via O-GlcNAcylation by O-linked *N*-acetylglucosamine transferase \[[@pone.0165766.ref003]\]. O-GlcNAcylation of EZH2 is known to upregulate the stability of EZH2 and increase cellular histone H3 lysine 27 trimethylation level. Sulforaphane-induced PTMs (acetylation and ubiquitination) of suppressor of variegation 3--9, drosophila, homolog 1 (SUV39H1) decreases histone H3 lysine 9 (H3K9) trimethylation, leading to enhanced apoptotic signaling in metastatic prostate cancer cells \[[@pone.0165766.ref004]\]. H3K9 methyltransferase G9a is a self-methylating lysine methyltransferase that mediates the in vivo interaction with the epigenetic regulator heterochromatin protein 1 \[[@pone.0165766.ref005]\]. Hence, studying PTMs of enzymes is a useful way of understanding novel mechanisms by which their activity is regulated.

SET domain, bifurcated 1 (SETDB1) is a histone methyltransferase that regulates the methylation of histone H3 on lysine 9, gene silencing, and transcriptional repression \[[@pone.0165766.ref006]--[@pone.0165766.ref008]\]. Increased expression of SETDB1 has been observed in melanoma, lung cancer, and liver cancer \[[@pone.0165766.ref009]--[@pone.0165766.ref011]\]. Its overexpression has been shown to promote cell growth, invasiveness, and tumorigenesis. It is also involved in the epigenetic regulation of gene expression by Notch signaling in colorectal cancer \[[@pone.0165766.ref012]\]. SETDB1, along with Krüppel-associated box-associated protein 1, is involved in H3K9 trimethylation which results in the silencing of endogenous and introduced retroviruses in mouse embryonic stem (ES) cells \[[@pone.0165766.ref013]\]. SETDB1 is also a critical regulator of 3T3-L1 adipocyte differentiation \[[@pone.0165766.ref014]\]. Thus, SETDB1 controls a variety of intracellular physiologic processes through its enzyme activity.

The human SETDB1 protein (1291 amino acids, 143 kDa) is organized into six domains ([Fig 1A](#pone.0165766.g001){ref-type="fig"}). The tandem Tudor domains in the N-terminal region are involved in protein-protein interactions \[[@pone.0165766.ref015], [@pone.0165766.ref016]\]. The methyl-CpG-binding domain (MBD) in the middle region is thought to mediate methyl-CpG binding and protein-protein interactions \[[@pone.0165766.ref007]\]. The C-terminal region with the pre-SET, SET, and post-SET domains, as found in most SET family members, is responsible for H3K9 specific lysine methylation \[[@pone.0165766.ref006], [@pone.0165766.ref007]\]. Interestingly, while it is understood that SETDB1 needs to undergo posttranslational modification to function as an H3K9 methyltransferase \[[@pone.0165766.ref007]\], the precise mechanisms that regulate the PTMs of SETDB1 are yet to be fully elucidated. In this study, we aimed to evaluate more precisely the effect of PTMs on the H3K9 methyltransferase activity of SETDB1. Using mass spectrometry analysis, we also examined the type of PTMs SETDB1 undergoes. Furthermore, we investigated whether the PTMs of SETDB1 play a role in regulating the expression of its target gene, serpin peptidase inhibitor, clade E, member 1 (*SERPINE1*).

![The PTMs of SETDB1 are associated with its H3K9 methyltransferase activity in HeLa cells.\
(A) Schematic representation of the domain structure of human SETDB1 and the deletion mutants. Amino acid sequence is numbered in accordance with the UniProt numbering scheme; the tandem Tudor domains, methyl-CpG-binding domain (MBD), pre-SET domain, SET domain, and post-SET domain are indicated. (B) SETDB1 proteins were expressed as GST fusion protein in HeLa cells and purified on glutathione-sepharose beads. The purified SETDB1 proteins were resolved on 5% SDS-PAGE, and electroblotted onto PVDF membrane. Western blot analysis of GST-SETDB1 proteins was probed with anti-GST antibody. (C) H3K9 methyltransferase activity of GST affinity-purified SETDB1 proteins in HeLa cells was measured. The values represent means±SEM (n = 3).](pone.0165766.g001){#pone.0165766.g001}

Materials and Methods {#sec002}
=====================

Plasmid Constructs {#sec003}
------------------

The human SETDB1 expression vector (pDEST27--hSETDB1 or pcDNA3-hSETDB1) was created by cloning the appropriate cDNA from HEK293 cells into the pDEST27 vector or the pcDNA3 vector \[[@pone.0165766.ref017]\]. The baculovirus SETDB1 expression vector was transferred to pDEST20 by recombination using the Gateway cloning system (Life Technologies) to generate the plasmid pDEST20-hSETDB1. A deletion construct was made and site-directed mutations were introduced into SETDB1 by PCR.

Cell Culture {#sec004}
------------

HeLa cells were cultured in DMEM supplemented with 10% heat-inactivated FBS, 100 IU/ml penicillin, and 100 μg/ml streptomycin. Sf9 cells were cultured in Grace\'s supplemented media (Life Technologies) containing 10% FCS, 0.1% Pluronic F-68 (Life Technologies), 100 IU/ml penicillin, and 100 μg/ml streptomycin (P/S) in a 1 l spinner flask at 27°C.

Affinity Purification of GST-tagged Proteins {#sec005}
--------------------------------------------

DNA transfection of HeLa cells was performed with Lipofectamine 2000 (Invitrogen), as described previously \[[@pone.0165766.ref018]\]. One day before transfection, the cells were seeded at a density of 7×10^5^ cells on 6 cm dishes. The cells were transfected with 8 μg of the GST-SETDB1 expression vector. Five hours after transfection, the cells were cultured in DMEM supplemented with 10% FBS and 2% P/S. The cells were harvested 24 h after transfection, and lysed in 25 mM Tris-HCl (pH 7.4) containing 150 mM KCl, 5 mM EDTA, 1% NP-40, 0.2% sodium deoxycholate, 1 mM DTT, 2.5 mM sodium pyrophosphate, 10 mM β-glycerophosphate, 10 mM sodium fluoride, and protease inhibitor cocktail (Sigma). The cell extract was added to glutathione-sepharose 4B (GE Healthcare) and the mixture was incubated with rotation at 4°C for 90 min. The beads were collected by centrifugation, rinsed three times, and the bound GST-SETDB1 was detected by SDS-PAGE and immunoblotting.

Sf9 cells were harvested 72 h postinfection. The cell pellet was suspended in lysis buffer \[30 mM Tris-HCl (pH 8.0), 150 mM NaCl, 5 mM DTT, 1 mM phenylmethylsulfonyl fluoride, 50 μM leupeptin, 1 μg/ml pepstatin A, 2.5 mM sodium pyrophosphate, 10 mM β-glycerophosphate, and 50 mM sodium fluoride\], and the cells were lysed by sonication. GST-SETDB1 proteins from cell extracts were purified using glutathione-sepharose 4B.

Mass Spectrometry Analysis {#sec006}
--------------------------

Samples were sent to the Center for Medical Research and Education, Osaka University Graduate School where they were analyzed by mass spectrometry as a custom contract service. To prepare the sample for mass spectrometry analysis, GST affinity-purified DEL570 \[GST-SETDB1 (570--1291), ([Fig 1A](#pone.0165766.g001){ref-type="fig"})\] was cleaved with PreScission protease. The cleaved protein was purified on HiTrap Q HP columns (GE Healthcare) and on Superdex 200 (GE Healthcare) gel filtration column. The purified SETDB1 (570--1291) was separated via 4--12% SDS-PAGE with subsequent visualization of proteins by fast SimplyBlue SafeStain (Life Technologies). The stained gel bands were cut and subjected to tryptic in-gel digestion. Digested peptides were separated by nano-LC (Ultimate 3000, Thermo Scientific) and analyzed by MS/MS (Q Exactive, Thermo Scientific). The resulting spectra were examined using the Mascot Software (Matrix Science).

Preparation of Cell Lysates {#sec007}
---------------------------

To prepare whole cell extracts, HeLa cells were lysed in 25 mM Tris-HCl (pH 7.5), 150 mM NaCl, 5 mM EDTA, 1% NP-40, 1% sodium deoxycholate, 0.1% SDS, and protease inhibitor cocktail (Sigma).

Immunoblot Analysis {#sec008}
-------------------

Each cell extract was resolved on SDS-PAGE and electroblotted onto the PVDF membrane. Western blot analysis was performed using anti-SETDB1 antibody (Bethyl Laboratories), anti-GST antibody (Santa Cruz Biotechnology), anti-mono- and polyubiquitin (FK2) antibody (Enzo Life Sciences), and anti-lamin B2 antibody (Abcam). The signals were visualized with the SuperSignal West Dura extended duration chemiluminescent substrate (Pierce).

Measurement of H3K9 Methyltransferase Activity {#sec009}
----------------------------------------------

The GST-SETDB1 proteins were purified by affinity chromatography on glutathione-sepharose 4B. Measurement of the H3K9 methyltransferase activity was carried out using the EpiQuik Histone Methyltransferase Activity/Inhibition Kit (H3K9), as recommended by the manufacturer (EPIGENTEK). Absorbance at 450 nm was measured by a Microplate reader Model 550 (Bio-Rad).

RNA Extraction and Real-Time RT-PCR Analysis {#sec010}
--------------------------------------------

DNA transfection of HeLa cells was performed with Lipofectamine 2000 (Invitrogen), as described previously \[[@pone.0165766.ref018]\]. The expression vector was transfected into HeLa cells twice with 48 h intervals between transfection. One day before transfection, the cells were seeded at a density of 2.5 × 10^5^ cells on 6-well plates. The cells were transfected with 2.8 μg of the expression vector. Forty-eight hours after the first transfection, the cells were transfected with 2.8 μg of the expression vector again. Twenty-four hours after the second transfection, the cells were cultured in DMEM supplemented with 10% FBS and 2% P/S. The cells were collected 120 h after the first transfection. Total RNA extraction and cDNA synthesis were performed as described previously \[[@pone.0165766.ref019]\]. PCRs were performed with a QuantiTect® SYBR Green PCR Kit (Qiagen). Amplification specificity was verified by visualizing the PCR products on an ethidium bromide-stained 2% agarose gel. Cyclophilin A mRNA was used to normalize each expression datum. The primers used were: 5′-CCCAGGATCTGCATAAAGGA-3′ and 5′-TCAGCAGGAGGGTGGTAATC-3′ for SETDB1; 5′-GACTTCACGAGTCTTTCAGACCAA-3′ and 5′-ACTATGACAGCTGTGGATGAGGAG-3′ for SERPINE1; 5′-GACTTTTCCCGAAGGAGGAACT-3′ and 5′-GCTGCAGTTGAAAGGCTTCT-3′ for kruppel-like factor 11 (KLF11); 5′-GTGAGGAGGCAAGGTTCTCAGG-3′ and 5′-GATCTTCTCCTTTGGTGCTCCTCTA-3′ for melanoma antigen, family A, 5 (MAGEA5); 5′-GGACCTTTTCTTCAGAGGGTGA-3′ and 5′-CTGTCTCCTCAGAACCTGGATGC-3′ for melanoma antigen, family A, 12 (MAGEA12); and 5′-GCGTCTCCTTTGAGCTGTTT-3′ and 5′-TCACCACCCTGACACATAAACC-3′ for cyclophilin A.

Chromatin Immunoprecipitation (ChIP) Assay {#sec011}
------------------------------------------

ChIP assays were performed as described previously \[[@pone.0165766.ref020]\]. DNA transfection of HeLa cells was performed as described above. At 120 h after the first transfection, cells were crosslinked with 1% formaldehyde for 10 min at room temperature. Fixation was completed following the addition of glycine with a final concentration of 200 mM. The crosslinked genomic DNA was sheared by sonication using a Digital Sonifier Model 250 (Branson). The DNA-protein complexes were immunoprecipitated with Dynabeads Protein G (Invitrogen). An antibody directed against Histone H3 (tri methyl K9) (Abcam) was used. The precipitated DNA was analyzed by real-time PCR using the primers 5\'-GTTCGCCAAAGGAAAAGCAGG-3\' and 5\'-GTGTCTGTCTCTCCCGGATGTC-3\', which target a region located upstream of the transcription start site of the SERPINE1 promoter, or primers 5\'-GCCCCTGTTTACGGAGCATTTC-3\' and 5\'-TGCGTGATACTGGGCTAGGAAC-3\' which target the genomic region (ch10:79154928--79155075).

Statistical Analysis {#sec012}
--------------------

All data are presented as mean±standard errors (SEM). Statistical analyses were performed using the unpaired Dunnett\'s test with Statcel version 3.0 (OMS Publishing Inc.).

Results {#sec013}
=======

PTMs of the C-terminal Region of SETDB1 are Necessary for the Activation of H3K9 Methyltransferase {#sec014}
--------------------------------------------------------------------------------------------------

Shultz et al. reported that SETDB1 purified from the cell extracts was observed as two bands by SDS-PAGE analysis and Coomassie blue staining \[[@pone.0165766.ref007]\]. We hypothesized that the upper band of SETDB1 in the SDS-PAGE analysis is because of PTMs and that the PTMs of SETDB1 are involved in its H3K9 methyltransferase activity (see below and [discussion](#sec018){ref-type="sec"}).

First, to reveal the amino acid site and type of PTMs in SETDB1, we prepared the affinity-purified GST fusion SETDB1 full-length protein (WT) from transfected HeLa cell extracts ([Fig 1A](#pone.0165766.g001){ref-type="fig"}). We also prepared GST fusion proteins from the three types of N-terminal deletion mutants of SETDB1: GST-SETDB1 (417--1291) (DEL417), GST-SETDB1 (570--1291) (DEL570), and GST-SETDB1 (681--1291) (DEL681). The affinity-purified GST fusion proteins from HeLa cells were subjected to immunoblot analysis with an anti-GST antibody ([Fig 1B](#pone.0165766.g001){ref-type="fig"}). WT was observed as two closely located bands with a molecular weight of about 200 kDa. Similar pairs of bands were seen for DEL417 and DEL570, whereas DEL681 was observed as a single band at about 114 kDa. These results indicate that the region between the amino acids 570 and 1291 that contains the MBD, pre-SET, SET, and post-SET domains is indispensable for the PTMs of SETDB1 in HeLa cells.

Next, we investigated the H3K9 methyltransferase activity using the four kinds of purified SETDB1 proteins from HeLa cells ([Fig 1C](#pone.0165766.g001){ref-type="fig"}). WT, DEL417, and DEL570 exhibited distinct methyltransferase activity, whereas it was found to be impaired in DEL681. These results suggest that the C-terminal region of SETDB1 (from amino acids 570 to 1291) is necessary for its methyltransferase activity.

We also expressed and affinity-purified SETDB1 WT and the three mutants from baculovirus-infected Sf9 cell extracts, and performed the immunoblot analysis and H3K9 methyltransferase activity assay. The results obtained were similar to that with affinity-purified SETDB1 from HeLa cell extracts ([S1 Fig](#pone.0165766.s001){ref-type="supplementary-material"}). These results suggest that the C-terminal region of SETDB1 (570--1291) plays a key role in its PTMs, and is essential for its enzyme activity in mammalian and insect cells.

SETDB1 Undergoes Ubiquitination {#sec015}
-------------------------------

The pattern of PTMs of SETDB1 (570--1291) purified from HeLa cells did not differ from that of the protein purified from Sf9 cells. To identify the type of PTMs in SETDB1 using mass spectrometry, we performed a large-scale preparation and purification of GST-SETDB1 (570--1291) using Sf9 cells. GST-SETDB1 (570--1291) from Sf9 cell extracts was affinity-purified by using glutathione-sepharose 4B, and GST was removed from GST-SETDB1 (570--1291) by enzymatic cleavage ([Fig 2A](#pone.0165766.g002){ref-type="fig"}). Subsequently, SETDB1 (570--1291) was purified by using ion-exchange chromatography, and gel filtration chromatography. The two bands derived from SETDB1 (570--1291) were separated by SDS-PAGE, and clearly visualized by Coomassie blue staining ([Fig 2B](#pone.0165766.g002){ref-type="fig"}). This was followed by in-gel digestion of these bands, and liquid chromatography-tandem mass spectrometry (LC-MS/MS) analysis for protein identification ([Fig 2C](#pone.0165766.g002){ref-type="fig"} and [S1 Table](#pone.0165766.s008){ref-type="supplementary-material"}). The upper band revealed that the sequences of all the peptides coincided with those expected from the sequence of SETDB1 (570--1291) (71% sequence coverage). The lower band was also identified as SETDB1 (570--1291) fragments (78% sequence coverage). Although PTMs such as phosphorylation were found in both bands, PTMs specific to the upper band were not found ([S1 Table](#pone.0165766.s008){ref-type="supplementary-material"}). However, we found polyubiquitin-B (UBB) peptides in each of the two bands. Fifty-two peptides identified in the upper band covered 45% of the UBB amino acid sequence, while fifteen peptides identified in the lower band covered 28% of the UBB amino acid sequence. These results suggest that the type of PTM in higher molecular weight SETDB1 is ubiquitination.

![GST-SETDB1 (570--1291) protein expressed in Sf9 cells was prepared using various types of chromatography for mass spectrometry analysis.\
(A) Schematic representation of the construction of GST-SETDB1 (570--1291) (top) and the flow chart for SETDB1 (570--1291) purification (bottom). (B) SETDB1 (570--1291) purified using chromatography was separated by SDS-PAGE and analyzed by Coomassie blue staining. (C) Summary of the mass spectrometry analysis data, showing the comparison between the upper and lower band of SETDB1 (570--1291).](pone.0165766.g002){#pone.0165766.g002}

To ascertain whether ubiquitin is attached to SETDB1, we performed immunoblot analysis with an anti-ubiquitin antibody using the four kinds of affinity-purified SETDB1 proteins from HeLa cell extracts. We were able to detect a single band of ubiquitinated protein from WT, DEL417, and DEL570 ([Fig 3A](#pone.0165766.g003){ref-type="fig"}), although two bands were observed from each of these proteins in [Fig 1B](#pone.0165766.g001){ref-type="fig"}. On the other hand, we were not able to detect ubiquitin in the DEL681 protein. We also performed the immunoblot analysis using the purified SETDB1 proteins from Sf9 cell extracts, and the results were consistent with the results from HeLa cells described above ([Fig 3B](#pone.0165766.g003){ref-type="fig"}). These results reveal that the upper band of SETDB1 was modified by ubiquitin.

![The region between amino acids 570 and 680 may contain the ubiquitination site in SETDB1.\
(A) GST affinity-purified SETDB1 proteins in HeLa cells were resolved on 5% SDS-PAGE. (B) GST affinity-purified SETDB1 proteins in Sf9 cells were resolved on 7% SDS-PAGE. Western blot analyses were performed using anti-ubiquitin antibody.](pone.0165766.g003){#pone.0165766.g003}

SETDB1 Ubiquitination at Lysine 867 is Necessary for Full H3K9 Methyltransferase Activity {#sec016}
-----------------------------------------------------------------------------------------

Next, we examined the site of ubiquitin-modified lysine residue on SETDB1. Since DEL681 does not show evidence of ubiquitination in [Fig 3](#pone.0165766.g003){ref-type="fig"}, ubiquitin-modified lysine residue is inferred to be located between amino acids 570 and 680 of SETDB1. There are three lysine residues (K597, K620, and K628) within the MBD (from 594 to 665 on SETDB1) present in this region ([Fig 4A](#pone.0165766.g004){ref-type="fig"}). In addition, three more lysine residues (K570, K669, and K674) exist in the region outside the MBD. Therefore, we introduced a mutated version of each of these six lysine residues into the DEL570 protein and performed immunoblot analysis with an anti-SETDB1 antibody using HeLa cell extracts ([Fig 4B](#pone.0165766.g004){ref-type="fig"}). Unexpectedly, two bands were observed in DEL570 as well as in all the mutated constructs suggesting that they had undergone PTMs. Therefore, we inferred that the ubiquitin-modified lysine is not located between amino acids 570 and 680 on SETDB1; rather it should be located between amino acids 681 and 1291.

![Lysine 867 located in the SET domain is the site for PTMs in HeLa cells.\
(A) Schematic view of the mutation map for GST-SETDB1 (570--1291). (B) Twenty-four hours after transfection, cell extracts were prepared, and the extracts were subjected to SDS-PAGE. Western blot analyses were probed with anti-SETDB1 antibody or anti-lamin B2 antibody.](pone.0165766.g004){#pone.0165766.g004}

To identify the site of ubiquitination of SETDB1 between amino acids 681 and 1291, we reanalyzed the LC-MS/MS analysis results ([S2 Fig](#pone.0165766.s002){ref-type="supplementary-material"}). SETDB1 peptides corresponding to the region between amino acids 845 and 886 were detected in the lower band but not in the upper band. When ubiquitin-conjugated protein is digested with trypsin, proteolysis cannot occur at the ubiquitin-modified lysine residues \[[@pone.0165766.ref021], [@pone.0165766.ref022]\]. Therefore, if lysine 867, which is present in the region between amino acids 845 and 886, was modified by ubiquitin, it would not have been digested by the enzyme. This would have resulted in a long peptide that the mass spectrometer would not have been able to detect. We then generated a SETDB1 mutant in which lysine 867 was converted to an arginine residue (K867R), and performed immunoblot analysis in HeLa cell extracts ([Fig 4B](#pone.0165766.g004){ref-type="fig"}). We observed a single band in K867R, in the same location as the lower band in DEL570, whereas two bands were observed in DEL570. These results suggest that the lysine 867 is the residue necessary for PTMs of SETDB1.

Next, we affinity-purified DEL570, K597R, and K867R from HeLa cell extracts, and performed immunoblot analysis with an anti-ubiquitin antibody ([Fig 5A](#pone.0165766.g005){ref-type="fig"}). In DEL570 and K597R, where two bands were observed in [Fig 4B](#pone.0165766.g004){ref-type="fig"}, we detected a single band of ubiquitin-modified SETDB1. In K867R where a single band was observed in the location of the lower band, the ubiquitin-modified SETDB1 was not detected. These results suggest that lysine 867 is a site for the ubiquitination of SETDB1.

![Ubiquitination of K867 of GST-SETDB1 (570--1291) upregulates its H3K9 methyltransferase activity in HeLa cells.\
(A) SETDB1 proteins were expressed as GST fusion proteins in HeLa cells and purified on glutathione-sepharose beads. The purified SETDB1 proteins were resolved on 5% SDS-PAGE, and electroblotted onto PVDF membranes. Western blot analyses of GST-SETDB1 proteins were probed with anti-SETDB1 antibody or anti-ubiquitin antibody. (B) H3K9 methyltransferase activity of the GST affinity-purified SETDB1 proteins in HeLa cells was measured. The values represent means±SEM (n = 3). \*\**P*\<0.01 compared with the value of DEL570.](pone.0165766.g005){#pone.0165766.g005}

We examined the effects of SETDB1 ubiquitination on the H3K9 methyltransferase activity in affinity-purified SETDB1 from HeLa cell extracts. In K597R, which is modified by ubiquitin, methyltransferase activity at the same level as DEL570 was observed ([Fig 5B](#pone.0165766.g005){ref-type="fig"}). On the other hand, K867R showed approximately 30% of the methyltransferase activity seen with DEL570. We also investigated the methyltransferase activity using GST-SETDB1 K867, which is the K867 mutant of the GST fusion full-length SETDB1 protein (WT), and the activity of GST-SETDB1 K867 almost disappeared ([S3 Fig](#pone.0165766.s003){ref-type="supplementary-material"}). These results show that SETDB1 ubiquitination at lysine 867 is necessary for full H3K9 methyltransferase activity. In addition, we investigated whether the catalytically inactive SETDB1 mutants were modified by ubiquitin. Schultz *et al*. reported that the H1224K, C1226A, and C1279Y mutants of SETDB1 showed impaired H3K9 methyltransferase activity \[[@pone.0165766.ref007]\]. We introduced a mutated version of each of these three amino acid residues into the DEL570 protein. These proteins were purified by affinity-chromatography from HeLa cell extracts and were subjected to immunoblot analysis with an anti-ubiquitin antibody ([S4 Fig](#pone.0165766.s004){ref-type="supplementary-material"}). We detected a band of ubiquitinated protein from all of the mutated constructs. These results indicate that the catalytically inactive SETDB1 mutants did not create the methyltransferase activity by ubiquitination of K867.

SETDB1 Ubiquitination at Lysine 867 Controls the Expression of the SETDB1 Target Gene {#sec017}
-------------------------------------------------------------------------------------

SETDB1 suppresses the expression of its target genes by methylating H3K9 \[[@pone.0165766.ref007], [@pone.0165766.ref008], [@pone.0165766.ref023]\]. Since, SETDB1 ubiquitination was found to be important for the H3K9 methyltransferase activity as seen in [Fig 5B](#pone.0165766.g005){ref-type="fig"}, we predicted that this ubiquitination was involved in the change in the expression of the SETDB1 target gene. First, we transfected a full-length SETDB1 expression vector (SETDB1 WT), a full-length SETDB1 K867R expression vector (SETDB1 K867R), or a pcDNA3 vector (Empty) into HeLa cells and detected SETDB1 mRNA levels by quantitative RT-PCR. The results showed that SETDB1 mRNA was significantly increased in HeLa cells transfected with SETDB1 WT or SETDB1 K867R as compared to the cells transfected with Empty ([Fig 6A](#pone.0165766.g006){ref-type="fig"}). We also examined the protein levels of SETDB1 in a western blotting experiment by using anti-SETDB1 antibody. As shown in [Fig 6B](#pone.0165766.g006){ref-type="fig"}, the upper band derived from the ubiquitinated SETDB1 protein was increased in cells transfected with SETDB1 WT as compared to the cells transfected with Empty. In the case of cells transfected with SETDB1 K867R, the lower band derived from the unmodified SETDB1 protein was increased as compared to the cells transfected with Empty.

![SETDB1 target gene expression is regulated by SETDB1 ubiquitination.\
HeLa cells were transfected with pcDNA3-hSETDB1 (SETDB1 WT), pcDNA3-hSETDB1 K867R (SETDB1 K867R), or pcDNA3 (Empty). (A and D) mRNA levels were normalized to those of cyclophilin A mRNA. All values are expressed as the mean ± SEM (n = 3). \**P* \< 0.05 or \*\**P* \< 0.01 compared with the value of Empty. (B) Whole cell extracts were prepared and aliquots \[30 μg (for SETDB1) or 10 μg (for lamin B2) protein/lane\] were subjected to SDS-PAGE. Immunoblots were probed with anti-SETDB1 antibody or anti-lamin B2 antibody. (C) Purified genomic DNA after ChIP was analyzed by real-time PCR. Data was normalized to the input DNA. Fold change was calculated relative to Empty. All values are expressed as the mean ± SEM (n = 3). \*\**P* \< 0.01 compared with the value of Empty.](pone.0165766.g006){#pone.0165766.g006}

We next investigated the direct effect of SETDB1 using ChIP assays with an anti-H3K9me3 antibody in HeLa cells. ChIP analysis showed that H3K9me3 level was significantly higher in the promoter region of the *SERPINE1 gene*, a SETDB1 target gene, after transfection with SETDB1 WT, whereas it did not change in the cells transfected with SETDB1 K867R ([Fig 6C](#pone.0165766.g006){ref-type="fig"}) \[[@pone.0165766.ref024]\]. These changes were not observed in control experiments using a negative control genomic region ([S5A Fig](#pone.0165766.s005){ref-type="supplementary-material"}). Finally, quantitative RT-PCR was performed to analyze the effect of SETDB1 ubiquitination on the expression of *SERPINE1*. The results showed that *SERPINE1* mRNA level was reduced to approximately 0.3-fold after cell transfection with SETDB1 WT, whereas it did not change in the cells transfected with SETDB1 K867R ([Fig 6D](#pone.0165766.g006){ref-type="fig"}). In parallel, we examined the mRNA levels of other H3K9 enzyme target genes ([S5B Fig](#pone.0165766.s005){ref-type="supplementary-material"}). The expression level of *KLF11*, which is the SUV39H1 target gene \[[@pone.0165766.ref025]\], was unchanged by SETDB1 ubiquitination. Consistent with the results for *KLF11* mRNA, the *MAGEA5* and *MAGEA12* mRNA levels, transcribed from the Mage-A gene family that is targeted by G9a and GLP \[[@pone.0165766.ref026], [@pone.0165766.ref027]\], were unchanged by SETDB1 ubiquitination. These results suggest that the ubiquitination of SETDB1 at lysine 867 controls the expression of its target gene by activating its H3K9 methyltransferase activity.

Discussion {#sec018}
==========

In this study, we found that SETDB1 (570--1291) is modified by ubiquitination in HeLa and Sf9 cells ([Fig 3](#pone.0165766.g003){ref-type="fig"}). We also found that the ubiquitination upregulates its H3K9 methyltransferase activity ([Fig 5](#pone.0165766.g005){ref-type="fig"}). Ubiquitination is the process by which a 76 amino acid ubiquitin molecule is covalently attached to a lysine residue of a target protein \[[@pone.0165766.ref028], [@pone.0165766.ref029]\]. Different types of ubiquitination are distinguished by the number of ubiquitin moieties conjugated to the protein. In most instances, poly-ubiquitination targets proteins for degradation by the 26S proteasome and controls many cellular processes \[[@pone.0165766.ref030], [@pone.0165766.ref031]\], whereas mono-, multiple mono-, and oligoubiquitination have nondegradative functions, such as protein trafficking, kinase activation, and DNA damage repair \[[@pone.0165766.ref032], [@pone.0165766.ref033]\]. These observations raise the possibility that the ubiquitination of SETDB1 plays a nondegradative role as observed with mono-, multiple mono-, and oligoubiquitination of proteins.

We revealed that the ubiquitination of K867 of the human SETDB1 protein upregulates its H3K9 methyltransferase activity. SETDB1 protein expressed in *Escherichia coli* that did not undergo PTMs failed to show the enzyme activity \[[@pone.0165766.ref007]\]. However, SETDB1 protein expressed in insect and mammalian cells that underwent PTMs exhibited the enzyme activity. These reports support our findings that the ubiquitination of SETDB1 is necessary for the enzyme activity. In contrast, K867R still retained approximately 30% of the methyltransferase activity observed for DEL570 ([Fig 5B](#pone.0165766.g005){ref-type="fig"}). DEL570 does not have an N-terminal region; therefore, we assume that the remaining parts of SETDB1 may form the enzymatic active structure without ubiquitination. Indeed, the methyltransferase activity of GST-SETDB1 K867 which is the K867 mutant of the GST fusion full-length SETDB1 protein (WT) was almost disappeared ([S3 Fig](#pone.0165766.s003){ref-type="supplementary-material"}).

We compared the lysine residue at amino acid position 867 of human SETDB1 with that of other species ([S6 Fig](#pone.0165766.s006){ref-type="supplementary-material"}). The K867 residue is highly conserved among mammals (*Macaca mulatta*, *Mus musculus*, and *Rattus norvegicus*), amphibia (*Xenopus laevis*), fishes (*Danio rerio*), and insects (*Drosophila melanogaster*). In addition, this lysine site is located within an insert region (SET-I) where the SET domain is bifurcated. SET-I is approximately 30 amino acids in length and is a region of considerable sequence variability within the SET family. Although the lengths of the SET-I region vary across family members, the structural architecture of SET-I is conserved and it is structurally static \[[@pone.0165766.ref034], [@pone.0165766.ref035]\]. In the ternary structure of the H4K20 methyltransferase Pr-Set7, SET-I consists of a helix(α-2)-loop-strand(β-5)-loop-strand(β-6) \[[@pone.0165766.ref036]\]. In case of the structural superimposition of the ternary H3K9 methyltransferase GLP structure with H3K9 methyltransferase G9a, or H3K9 methyltransferase Suv39H2, SET-I is composed of a helix followed by a two-stranded anti-parallel β-sheet, linked by loops of variable lengths \[[@pone.0165766.ref037]\]. Based on its relatively rigidity and structural conservation, the SET-I region among different SET domain proteins contributes to the mechanism of substrate recognition. Human SETDB1 has a 363 amino acid insertion between amino acids 846 and 1208, and it is predicted to display more sequence and structural variability in this long SET-I region \[[@pone.0165766.ref035]\]. We speculate that the ubiquitination of SET-I facilitates the adoption of a stable three-dimensional structure that promotes H3K9 methyltransferase activity ([Fig 7](#pone.0165766.g007){ref-type="fig"}). The promotion of H3K9 methylation suppresses the expression of its target genes. Further investigations are needed to elucidate how the ubiquitination of SETDB1 influences its structure and enzymatic activity.

![Schematic model of the SETDB1 ubiquitination and H3K9 methyltransferase activity described in this study.](pone.0165766.g007){#pone.0165766.g007}

In this study, we showed that the region between amino acids 570 and 680 is essential for the ubiquitination of K867 in human SETDB1 ([Fig 3](#pone.0165766.g003){ref-type="fig"}). An MBD (from 594 to 665) is located within this region of SETDB1; however, little is known about its function. In general, the MBD is known to bind to methylated CpGs, and recruit a variety of chromatin remodeling proteins such as histone deacetylase (HDAC) \[[@pone.0165766.ref038], [@pone.0165766.ref039]\]. The MBD of human SETDB1 contains two conserved DNA-interacting arginine residues (R615 and R636) \[[@pone.0165766.ref040]\], that are reported to facilitate direct contact between DNA and the components of the MBD like MBD1 and MeCP2 \[[@pone.0165766.ref041], [@pone.0165766.ref042]\]. We investigated the effect of ubiquitination on the two arginine residues that influence the DNA-binding ability of MBD, and we found that SETDB1 ubiquitination is not affected by the substitution of these arginines to alanines ([S7 Fig](#pone.0165766.s007){ref-type="supplementary-material"}). On the other hand, MBD components including MBD3 and MeCP2 are known to mediate protein-protein interactions \[[@pone.0165766.ref043], [@pone.0165766.ref044]\]. Therefore, the MBD of SETDB1 also has the potential to mediate interactions with other proteins, such as E3 ubiquitin ligases, which may be involved in the ubiquitination of SETDB1. Further investigations are required to clarify the mechanisms of SETDB1 ubiquitination that are mediated by its MBD.

In conclusion, we have demonstrated for the first time that ubiquitination of human SETDB1 at lysine 867 is required for its H3K9 methyltransferase activity and regulation of the expression of its target gene. Since, SETDB1 controls a variety of intracellular physiologic processes through its H3K9 methyltransferase activity, this finding will be useful in planning future studies to elucidate its functions.

Supporting Information {#sec019}
======================

###### The PTMs of SETDB1 are associated with its H3K9 methyltransferase activity in Sf9 cells.

\(A\) GST affinity-purified SETDB1 proteins in Sf9 cells were resolved on 7% SDS-PAGE. Western blot analysis was performed using anti-GST antibody. Asterisks indicate degradation products from SETDB1. (B) H3K9 methyltransferase activity of GST affinity-purified SETDB1 proteins in Sf9 cells was measured. The values represent means±SEM (n = 3). N. D.: not detected.

(TIF)

###### 

Click here for additional data file.

###### Amino acid sequence of human SETDB1 (570--1291).

The red text denotes the amino acid residues that were detected by LC-MS/MS analysis; the black box denotes the region between amino acids 845 and 886; the white text on a black background denotes invariant residues.

(TIF)

###### 

Click here for additional data file.

###### Ubiquitination of K867 of GST-SETDB1 WT upregulates its H3K9 methyltransferase activity in HeLa cells.

SETDB1 proteins were expressed as GST fusion proteins in HeLa cells and purified on glutathione-sepharose beads. The H3K9 methyltransferase activity of the GST affinity-purified SETDB1 proteins in HeLa cells was measured. The values represent mean ± SEM (n = 3).

(TIF)

###### 

Click here for additional data file.

###### The catalytically inactive SETDB1 is still ubiquitinated in HeLa cells.

\(A\) Schematic view of the mutation map for GST-SETDB1 (570--1291). (B and C) SETDB1 proteins were expressed as GST fusion proteins in HeLa cells and purified on glutathione-sepharose beads. The purified SETDB1 proteins were resolved on 5% SDS-PAGE and electroblotted onto PVDF membranes. Western blots of GST-SETDB1 proteins were probed with anti-SETDB1 antibody or anti-ubiquitin antibody.

(TIF)

###### 

Click here for additional data file.

###### Negative control gene is not regulated by SETDB1 ubiquitination.

HeLa cells were transfected with pcDNA3-hSETDB1 (SETDB1 WT), pcDNA3-hSETDB1 K867R (SETDB1 K867R), or pcDNA3 (Empty). (A) Purified genomic DNA after ChIP was analyzed by real-time PCR. Data were normalized to the input DNA. Fold change was calculated relative to Empty. All values are expressed as the mean ± SEM (n = 3). (B) mRNA levels were normalized to those of cyclophilin A mRNA. All values are expressed as the mean ± SEM (n = 3).

(TIF)

###### 

Click here for additional data file.

###### A protein sequence alignment of human SETDB1 between amino acids 857 and 877.

An alignment of the SETDB1 protein from *Homo sapiens*, *Macaca mulatta*, *Mus musculus*, *Rattus norvegicus*, *Xenopus laevis*, *Danio rerio*, and *Drosophila melanogaster* is shown. The white text on a black background denotes invariant residues; the black text on a gray background indicates conserved residues.

(TIF)

###### 

Click here for additional data file.

###### Two conserved DNA-interacting arginine residues in the methyl-CpG-binding domain (MBD) are not influenced by PTMs in HeLa cells.

\(A\) Schematic view of the mutation map for GST-SETDB1 (570--1291). (B) Twenty-four hours after transfection, cell extracts were prepared, and the extracts were subjected to SDS-PAGE. Western blot analyses were probed with anti-SETDB1 antibody or anti-lamin B2 antibody.

(TIF)

###### 

Click here for additional data file.

###### List of proteotypic peptides from SETDB1 (570--1291).

(XLSX)

###### 

Click here for additional data file.
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